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a b s t r a c t

The generation of micro-jets with pulsed laser irradiation is a key enabling technique
for microfluidic devices, printers and needle-free drug injectors. Modeling approaches for
such devices are essential to optimize their design and performance. Here we present
a hybrid analytical/numerical model to simulate nanosecond laser-induced micro-jets
generated by a dual-chamber liquid confining device. The simulated device consists of
two chambers; the first one is closed and filled with a propellant liquid and the second is
filled with the liquid to be ejected and equipped with a nozzle. Laser-induced cavitation
is generated in the first chamber, which is separated by an elastic membrane from the
second one, to reduce the thermo-mechanical impact of the absorbed laser energy on the
liquid to be ejected. By modifying the generalized form of the Rayleigh–Plesset equation
to account for the pressure variation inside the chamber, we show that the geometry
of the liquid confining device affects drastically laser-induced bubble dynamics and the
resulting jet ejection dynamics. We also demonstrate the effect of the membrane size,
laser energy and nozzle size variation on the micro-jet dynamics. We found that such
devices can generate micro-jets (velocity: 0.93 m/s to 48.39 m/s) suitable for micro-drop
printing (volume: 0.097 nL to 7.68 nL). Although we focused on printing applications, the
modeling approach presented here can be widely adapted for designing and optimizing
needle-free drug injectors and microfluidic devices.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Cavitation bubbles can cause destructive mechanical impact (Brujan et al., 2001; Philipp and Lauterborn, 1998).
However, the ability to control their spatiotemporal growth provides an efficient method to induce directional liquid
displacement and enables a wide range of applications in biomedical engineering (Brujan, 2011). Laser-induced cavitation
plays a central role in such applications due to its simplicity and versatility. It has been used for tissue ejection (Apitz
and Vogel, 2005), in eye surgery (Brujan and Vogel, 2006), for high-speed cell sorting (Chen et al., 2013), as a scalpel (Lee
et al., 2017) and for various micro-jet ejection applications as discussed in details below.

The expansion and collapse of laser-induced bubbles create pressure waves and liquid displacement. Laser-induced
forward transfer (LIFT) is a powerful printing technique (Boutopoulos et al., 2014, 2013; Brown et al., 2012; Kalaitzis
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Abbreviations

ρl Liquid density (kg/m3)
Pl Liquid pressure far from the bubble (Pa)
γ Heat capacity ratio
R Instantaneous Bubble radius (m)
Rmax Bubble maximum radius (m)
R0 Bubble initial radius (t = 0) (m)
Ec Compressibility energy term
β Compressibility coefficient
v Kinematic viscosity (m2/s)
σl Surface tension (N/m)
Pv Saturated vapor pressure in the bubble (Pa)
Pg Initial gas pressure in the bubble (t = 0) (Pa)
W0 Spot size at the focus (m)
r Coordinate in the radial direction (m)
Wz Laser beam width at position z along the beam propagation axis (m)
I0 Peak irradiance (J/m2)
λ Laser wavelength (m)
NA Numerical aperture of the lens
El Laser energy (J)
Eb Bubble energy (J)
Zr Rayleigh range (m)
∆Vc Liquid volume difference (m3)
Vc Liquid initial volume (m3)
Voutlet Integral of outlet volumetric flow rate (m3/s)

et al., 2019) that exploits such phenomena to generate liquid micro-jets. It uses pulsed laser irradiation of non-confined
liquid films, i.e., bio-ink layers of few micrometers in thickness deposited on a transparent support. An alternative way
to generate high-speed micro-jets uses laser-induced bubbles in nozzle bearing reservoirs. This concept has been used
in needle-free drug injectors (Jang et al., 2014; Yoh et al., 2016) and for microdroplet generation in microfluidic devices
(Park et al., 2011; Zhang et al., 2011). The jet-injection mechanism in such devices implies pressure increase inside a semi-
confined chamber, a process that may not be confused with the LIFT jet-generation mechanism, i.e. bubble oscillation close
to a rigid boundary.

Modeling works on laser-induced jet-ejection have used a variety of approaches to account for laser energy to
iquid pressure and kinetic energy conversion, including implementation of pressure waves (Peters et al., 2013), bubble
ressure (Kyriazis et al., 2019), and moving boundaries with experimentally determined displacement (Brown et al.,
012; Kalaitzis et al., 2019; Mohammadzadeh et al., 2017). Previous works have simulated micro-jet generation by spark-
enerated bubbles (Dadvand et al., 2011), thermally-generated bubbles (Tan, 2016) and laser-induced bubbles within glass
icrocapillaries (Kyriazis et al., 2019; Peters et al., 2013). Importantly, liquid confining chambers affect laser-induced
ubble dynamics (López-Villa et al., 2011; Ory et al., 2000; Sato et al., 1994; Turangan et al., 2008) compared to open
hambers, where expanding bubbles experience constant pressure and no rigid boundaries. Importantly, the application
f an external pressure to a closed chamber can suppress drastically bubble expansion and shorten its life time (Sasaki
t al., 2009). Here, we report the simulation of a laser-driven liquid-confining device tailored for bio-printing applications.
he architecture is inspired from previous experimental works on needle-free drug injection (Jang et al., 2014; Yoh et al.,
016). Although we focus on bio-printing, the modeling approach presented here can be easily adapted for drug injectors.
he simulated device consists of two chambers; the first one is closed and filled with water and the second is filled with
he liquid to be ejected and equipped with a nozzle. Laser-induced cavitation is generated in the first chamber, which
s separated by an elastic membrane from the second one, to reduce the thermo-mechanical impact of the absorbed
aser energy on the liquid to be ejected with jet formation. The jet generation mechanism implies pressure increase
ithin the semi-confined chamber (Fig. 1). The optimization of such a device is challenging, requiring coupled modeling
omponents accounting for bubble dynamics, fluid–structure interaction and two-phase flow. Although there is extensive
xperimental work on similar devices for needle-free drug delivery (Jang et al., 2014; Yoh et al., 2016), as of today, no
odeling approaches have been reported.
We developed a hybrid numerical/analytical model for studying laser-induced bubble dynamics in a dual-chamber

iquid-confining device. We considered a nanosecond (ns) pulsed laser (wavelength: 532 nm; pulse duration: 6 ns) for
ur work. By modifying the generalized form of the Rayleigh–Plesset (RP) equation, we show that the geometry of the
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Fig. 1. Schematic of the simulated dual chamber liquid-confining device. (a) laser-induced optical breakdown, (b) generation of a cavitation bubble,
(c) elastic membrane deformation, and (d) generation of a micro-jet.

Fig. 2. Sketches of the computational domains for (a) FSI and (b) TPF.

liquid confining device affects drastically laser-induced bubble dynamics and the resulting jet ejection dynamics. We also
show that dual-chamber liquid-confining devices can generate micro-jets (velocity: 0.93 m/s to 48.39 m/s) suitable for
micro-drop printing (volume: 0.097 nL to 7.68 nL).

2. Device and model overview

Fig. 1 illustrates a schematic of the simulated dual chamber liquid-confining device. The architecture is similar with the
one presented in previous experimental works on needle-free drug injection (Jang et al., 2014; Yoh et al., 2016). However,
the size of the device has been scaled down for bioprinting applications. We considered the following mechanism for liquid
ejection. Two chambers, containing a propellant liquid and a bio-ink, are separated by an elastic membrane. A focused
(ns) laser pulse induces optical breakdown (Fig. 1a) and a resulting cavitation bubble in the propellant liquid chamber
(Fig. 1b). The bubble expansion deforms the elastic membrane, which in turn increase the pressure in the bio-ink reservoir
(Fig. 1c), causing liquid ejection from the nozzle (Fig. 1d). For the hybrid analytical/numerical modeling presented we used
three main components. First, we developed and analytical model of bubble dynamics based on the solution of the RP
equation. Note that we coupled RP to Tait equation to account for the pressure increase in the propellent liquid chamber.
Then, we performed numerical simulation of the membrane velocity using the fluid–structure interaction (FSI) module
of COMSOL coupled to the analytical model of bubble dynamics. Finally, we used the calculated membrane velocity as
an input for the two-phase flow (TPF) module of COMSOL to calculate the micro-jet ejection dynamics. To optimize the
computational time, we used an axisymmetry model in respect to the reservoir’s center axis for FSI and TPF simulations.
Fig. 2a and b show sketches of the FSI and TPF computational domains. Both the propellent liquid and the liquid to be
ejected were considered water throughout this work, while the membrane material was considered rubber.
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. Description of the model

.1. Model assumptions

We neglected the effect of shock wave propagation in our model. Shock wave propagation upon ns laser optical
reakdown in liquid can result in liquid ejection. However, experimental data show that the shock wave has a much
maller contribution on liquid ejection compared to bubble growth (Han and Yoh, 2010). For the analytical calculation of
ubble dynamics, we considered the bubble initial volume (t = 0) a sphere, whose volume corresponds to the ellipsoid

at which the laser irradiance exceeds the optical breakdown threshold (2.5 × 107 mJ/cm2) in water for 6 ns pulsed laser
at 532 nm (Apitz and Vogel, 2005). Finally, we considered the two chambers entirely filled with water at 20 ◦C.

3.2. Bubble dynamics analytical model

The RP equation has been widely used to describe ns laser-induced cavitation dynamics in open liquid containing
chambers (Akhatov et al., 2001; De Bonis et al., 2013; Hegedűs et al., 2013; Lam et al., 2016; Li et al., 2011; Liu et al.,
2011; Soliman et al., 2010; Tomita et al., 2000; Xiu-Mei et al., 2008), where the pressure far from the cavitation bubble
can be considered equal to the atmospheric pressure. In this work, we used the RP equation (Eq. (1)) as the basis for
our bubble dynamics analytical model, while we also introduced a key modification to account for the pressure increase
induced by the bubble growth in a confined chamber. The RP equation in its generalized form (Plesset and Prosperetti,
1977) is given below:

RR̈ +
3
2
Ṙ2

=
Pg

ρl

(
R0

R

)3γ

−
Pl − Pv

ρl
− 4ν

Ṙ
R

−
2σl

ρR
(1)

where ρl is the liquid density, Pl is the liquid pressure far from the bubble, γ is heat capacity ratio, R is the bubble radius, R0
is the bubble initial radius (t = 0), ν is the kinematic viscosity, σl is the surface tension, Pv is the saturated vapor pressure
in the bubble, and Pg is the initial gas pressure in the bubble (t = 0). To consider the effect of liquid compressibility in a
closed container, we calculated the energy required (Ec) to compress the liquid to pressure Pl (Eq. (2)) (Paulsen, 2009):

Ec =
β

2
VcP2

l (2)

where β is the compressibility coefficient, Vc is liquid initial volume and Pl is the liquid pressure. To implement the
compressibility energy loss term in the RP equation, we introduced the derivative of Eq. (2) in respect to R (Eq. (3)).

RR̈ +
3
2
Ṙ2

=
Pg

ρl

(
R0

R

)3γ

−
Pl − Pv

ρl
− 4ν

Ṙ
R

−
2σl

ρR
−

1
4πR2ρl

∂Ec

∂R
(3)

In the following sections we will present how R0 and Pg were calculated for a given laser energy and how Pl was
implemented as a time dependent variable. We will also present our approach to consider energy losses for the bubble
rebounds.

3.2.1. Calculation of R0
We considered a focused Gaussian beam to calculate the bubble initial radius, R0. Our key assumption is that R0

corresponds to the laser focal volume at which the laser irradiance exceeds the optical breakdown threshold. We
considered the optical breakdown threshold equal to 2.5×107 mJ/cm2, which is the experimental value reported for ns
laser (λ = 532 nm) cavitation in water (Apitz and Vogel, 2005). We used a Gaussian function (Eq. (4)) to calculate the
irradiance distribution, IG(r,z):

IG (r, z) = I0

(
W0

Wz

)2

exp
[
−2

(
r2

W2
z

)]
(4)

here (W0) is the spot size at the focus, r is the coordinate in the radial direction, Wz is the laser beam width at position z
along the beam propagation axis, and I0 is the peak irradiance. W0 and I0 can be calculated using the following equations:

W0 =
1.22
NA

λ

2
(5)

I0 = 2Iav =
2El

πW2
0

(6)

here λ is the laser wavelength, NA is the numerical aperture of the lens and El is the laser energy. Wz can be calculated
y Eq. (7).

Wz = W0

√
1 +

(
z

)2

(7)

Zr
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Fig. 3. (a) Irradiance distribution and (b) representation of the bubble initial volume for λ = 532 nm, NA = 0.5 and E = 200 µJ.

here Zr is the Rayleigh range (Eq. (8)):

Zr =
πW2

0

λ
(8)

Fig. 3a illustrates the irradiance distribution for λ = 532 nm, NA = 0.5 and El = 200 µJ. The equivalent focal volume
onsidered for the R0 calculation is shown in Fig. 3b.

.2.2. Calculation of Pg
We calculated Pg for given El and R0 by using a fitting process so as the maximum bubble radius Rmax, extracted by

he RP equation, would match its experimentally documented relationship on El.
For these calculations we used the following equation (Egerev, 2003; Petkovšek and Gregorčič, 2007; Vogel et al., 1999,

996) to calculate Rmax as a function of the bubble energy, Eb:

Rmax =

(
3Eb

4π × (Pl − Pv)

) 1
3

(9)

It is well documented in the literature that ns laser-induced cavitation in water result to a ∼20% laser to bubble energy
conversion efficiency (Hutson and Ma, 2007; Sun et al., 2009; Venugopalan et al., 2002; Vogel et al., 1996). Thermal effects
have a negligible effect in the examined laser-induced cavitation setting. Bubble growth is inertially controlled. Laser
to bubble energy conversion can be considered instantly occurring. Initially, the energy is stored as potential energy.
Our model considers its conversion to liquid kinetic energy, potential energy in compressed liquid, and to membrane
mechanical energy. Rmax can be related to El by the following equation:

Rmax =

(
3El

20π × (Pl − Pv)

) 1
3

(10)

Note that the validity of Eq. (9) and (10) has been confirmed experimentally for laser energies well above the cavitation
threshold, Eth. We estimate that the laser energies used throughout this work range from ∼4 x Eth to ∼20 x Eth, thus
ie within the experimentally documented validity domain of Eq. (9) and (10) (Vogel et al., 1999, 1994). For given laser
nergy, El, we first calculated R0 (see Section 3.2.1) and then varied Pg so as the Rmax calculated by the RP equation (Eq. (1))
ould match the one given by Eq. (9). For these calculations, we considered Pl = 1 atm and Pv = 2330 Pa.

.2.3. Calculation of Pl
Contrary to bubble dynamics in an open chamber configuration (De Bonis et al., 2013; Xiu-Mei et al., 2008), liquid

ressure Pl may not be assumed constant in a closed chamber configuration because bubble expansion results to Pl
ncrease. Subsequently, Pl increase can affect drastically bubble dynamics (i.e., damp bubble growth). To account for such
ffects, we considered the Tait equation (MacDonald, 1966) to calculate Pl:

Pl = (B + Pl0)

(
1 −

∆Vc
)−7

− B (11)

Vc
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Fig. 4. (a) Snapshots of bubble dynamics from the FSI model, (b) bubble radius and (c) bubble wall velocity for 200 µJ laser energy and 532 nm
wavelength. A video with the complete bubble dynamics can be found in the supplementary material (Video S1, Appendix A).

were B = 314 MPa, Pl0 is the initial liquid pressure (1 atm), ∆Vc is the liquid volume difference, and Vc is liquid initial
volume. Next, we considered ∆Vc equal to the bubble volume and coupled to either Eq. (3) (during bubble expansion)
or Eq. (1) (during bubble collapse) and Eq. (11) to calculate analytically the bubble dynamics in a closed chamber. This
model allows for a time-dependent calculation of Pl and its effect on bubble dynamics.

For a semi-confined geometry, bubble growth can result to liquid ejection from the nozzle and Plrelease. To account
for this, we considered the calculated by the FSI numerical model Voutlet (see Section 3.4) to determine ∆Vc and Pl. We
oupled the analytical model to the COMSOL solver so as both time-dependent Pl and Voutlet were considered for bubble
ynamics.

.2.4. Rebound and damping
The collapse of the initial bubble is followed by rebounds and significant energy loss due to shock wave emission

pon collapse and heat conduction (Petkovšek and Gregorčič, 2007; Vogel et al., 1989). The generic RP equation does
ot account for bubble damping because of such phenomena. Considering the importance of the rebounds and damping
n liquid ejection dynamics, we implemented a rebound model based on experimentally available data (Petkovšek and
regorčič, 2007; Vogel et al., 1996) for bubble energy loss and damping. We assumed two rebounds and considered
hat the first one has 1.3% of the laser pulse energy and the second one 0.2%. Subsequently, the dynamics of the bubble
ebounds were calculated using the methodology presented in the previous sections for the first bubble.

.3. Bubble dynamics implementation in FSI

Given that COMSOL Multiphysics has no built-in module simulating bubble dynamics, we developed our own modeling
trategy to implement the analytical bubble dynamics model into the FSI module. We used a moving mesh (Fig. 4b) to
ccount for the bubble radius and a moving wall (Fig. 4c) to account for the bubble velocity. Fig. 4a presents a snapshot
f the bubble growth for 200 µJ laser energy and 532 nm wavelength. The corresponding bubble radius and wall velocity
an be found in Fig. 4b and c.
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Fig. 5. (a) Membrane average velocity profile and (b) integral of volumetric flow rate for 200 µJ laser energy (c) spatiotemporal evolution of the
membrane’s velocity profile.

3.4. Membrane dynamics and Voutlet calculation with FSI

The simulated device consists in two chambers separated by the elastic membrane (Fig. 1). Following the implementa-
tion of the analytical bubble dynamics model in COMSOL and its coupling to the numerical solver, we modeled the entire
device with the FSI module. The key outputs of the FSI model were the membrane dynamics and Voutlet. Fig. 5a shows
the membrane average velocity and Fig. 5b presents the average volume of liquid exiting the nozzle tip for 200 µJ laser
energy. The spatiotemporal evolution of the membrane’s oscillations can be found in Fig. 5c. High amplitude oscillations
can be observed at the center of the membrane for certain time frames (e.g., ∼60 µs). The cause of these oscillations
is the formation of transient air bubbles right below the center of the membrane. We provide in the supplementary
information the corresponding TPF simulations showing the bubble formation below the central part of the membrane
(Video S2, Appendix A).

3.5. Liquid ejection dynamics

We used the two-phase flow (TPF) module of COMSOL to calculate the dynamics of the liquid exiting the nozzle. The
TPF module uses as input the membrane dynamics (Fig. 5) extracted by the FSI module.

3.6. Mesh selection

For FSI simulations we conducted a mesh independence study to test whether the simulations results are independent
of the mesh resolution. We used the time-dependent and spatially averaged outlet velocity profile and volume for this
study and run the same simulation for four different mesh densities shown in Table 1. We found negligible differences in
the results (Fig. 6). Therefore, considering the computational time cost, we opted for ‘‘Finer’’ mesh having maximum and
minimum element size equal to 98 µm and 1.4 µm, respectively.

For TPF simulations we conducted a similar study. We calculated the jet-front for four different mesh densities shown
in Table 1. Considering the robustness of the solutions (Fig. 7) and the computational time together, we opted for
‘‘Finer/ExtraFine’’ mesh having maximum and minimum element size equal to 5.0 µm and 2.5 µm, respectively. Note
hat we used adaptive meshing for TPF.
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Fig. 6. (a) Outlet velocity for different meshing sizes and (b) its variation on the meshing size for E = 200 µJ.

Fig. 7. (a) Jet-front for different meshing sizes and (b) its variation on the meshing size for E = 200 µJ.

Table 1
Mesh settings tested for the FSI and TPF mesh dependence studies.

Maximum element size (mm) Minimum element size (mm)

FSI TPF FSI TPF

Extra Fine 0.04550 0.0025 0.0005250 0.00125
Finer/Extra Fine 0.07175 0.005 0.0009625 0.0025
Finer 0.09800 0.0075 0.0014000 0.00375
Fine/Finer 0.11050 0.01 0.0024500 0.005

4. Results and discussion

4.1. Bubble dynamics in open/closed chambers and liquid semi-confining devices

Pl variation can have a dominant effect on bubble growth and collapse (Obreschkow et al., 2013; Sasaki et al., 2009;
oliman et al., 2010; Thornton et al., 2012; Tomko et al., 2017). Indicatively, experimental data show that ns laser-induced
ubbles, generated in a 3MPa pressurized chamber, have ∼30-times smaller volume and ∼17-times shorter life time
ompared to those generated in a non-pressurized chamber using identical laser conditions (Sasaki et al., 2009). A key
eature of the developed model is the ability to predict bubble dynamics in closed or semi-confined chambers, where
ubble expansion itself affects Pl.
To illustrate such an effect, we used our analytical model to simulate bubble dynamics in closed chambers having

ifferent volumes (272 µl and 6.344 µl) for E = 200 µJ. For comparison, we also considered bubble dynamics in an
l
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(

Fig. 8. The effect of a closed chamber on bubble dynamics and for El = 200 µJ. Simulated (a) bubble dynamics and (b) Pl temporal profile for open
constant Pl) and closed (variable Pl) chambers.

Fig. 9. The effect of laser energy on bubble dynamics: (a) bubble maximum radius and (b) bubble lifetime as a function of laser energy for open
(constant Pl) and closed chambers (variable Pl).

open chamber, where Pl is constant and equal to 1 atm. Fig. 8a shows how Pl variation confines the spatiotemporal
bubble growth for a given laser energy. The effect is predominant for the smallest chamber (6.344 µL), where a 3.3-times
smaller maximum bubble size and a 21-times shorter bubble lifetime is simulated compared to an open chamber. The
corresponding Pl is shown in Fig. 8b, were the peak pressure was found to reach 0.59 MPa for the 272 µL chamber and
3.44 MPa for the 6.344 µL chamber.

Given that the laser energy is a key experimental factor for controlling bubble dynamics, we simulated its effect
on bubble maximum radius and bubble life time (Fig. 9). The maximum bubble radius scales with the laser energy as
Rmax ∼ E0.33

l for an open chamber, where Pl is constant and equal to 1 atm. For closed chambers, the scaling relationship
change to Rmax ∼ E0.20

l for Vc = 272 µL and Rmax ∼ E0.17
l for Vc = 6.344µL, reflecting the predominant damping of

the bubble growth because of the Pl increase (Fig. 9a). Unlike the open chamber case, bubble lifetime declines with the
laser energy for closed chambers (Fig. 9b). It is evident from Fig. 9 that the volume of the chamber, Vc, dictates the
spatiotemporal dynamics of confined bubbles. One would expect such an effect because Vc is the key determinant of Pl
(Eq. (11)).

Although the analytical model provides accurate solutions for hermetically sealed chambers, it cannot be applied
directly to liquid ejection devices because liquid ejection (Voutlet) causes Pl release. To overcome this limitation, we coupled
the analytical model to the FSI module of COMSOL, calculating Voutlet (see Section 3.2.3). We used the coupled model to
simulate bubble dynamics generated by the device presented in Fig. 2. Fig. 10 presents indicative bubble dynamics for
laser energies ranging from 50 to 450 µJ. Interestingly, the bubble life time declines with the increase of the laser energy.
In addition, the first cycle has a shorter life than the second cycle, which in turn has a shorter lifetime than the third cycle.
These behaviors are inversed compared to open chambers (i.e., Pl≈ 1 atm)(Petkovšek and Gregorčič, 2007), demonstrating
the significant impact of a variable P on bubble dynamics.
l
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Fig. 10. Simulated bubble dynamics for the liquid confining-device presented in Fig. 2 considering Voutlet . (a) bubble radius, (b) bubble wall velocity.

4.2. Liquid ejection dynamics

The geometry of a liquid-confining device as well as the rheological properties of the liquid and the laser energy are
key experimental parameters affecting laser-induced liquid ejection dynamics. The desired ejection dynamics may vary
depending on the application. For example, ejection of fast liquid jets is desirable for drug delivery application (Jang et al.,
2014), while smooth jet ejection is preferable for printing applications (Delrot et al., 2016). In this work, we considered a
printing application and used our model to study the effect of the liquid-confining device geometry (i.e., nozzle size and
membrane thickness) and laser energy on the ejection dynamics. Fig. 11 shows representative snapshots of FSI and TPF
simulations at different time frames post cavitation for 70 µJ laser energy. We systematically analyzed such dynamics to
conduct the parametric studies present in the following sections. Note that in the numerical model, the initial bubble is
assumed spherical even though it is elliptical, while an equivalent radius is considered (i.e., resulting to the same volume).
Experimental studies show that initially elliptical ns laser-induced bubbles increase drastically their symmetry within a
fraction of a µs and turn spherical within few µs (Petkovšek and Gregorčič, 2007). In this context, our assumption concerns
a short time period (<25%) compared to the bubble lifetime. For this timeframe, the volume of the bubble represents
less than 15.5% of its maximum volume. Since the bubble volume is the key determinant of pressure increase and liquid
displacement, it is reasonable to expect that the spherical assumption has only a minor effect on the jet ejection modeling.

4.2.1. The effect of the nozzle diameter
We first investigated the effect of the nozzle diameter on the ejected liquid dynamics by monitoring the front position

of the ejected jet for two laser fluences (70 and 200 µJ), determined by a preliminary laser energy scan (Fig. 12). For
these simulations, the membrane size was 200 µm and the nozzle diameters varied from 50 to 150 µm. We found that
the velocity of the ejected liquid increases with the decrease of the nozzle diameter. We also found that the smaller the
nozzle size the lower the laser energy ejection threshold for an otherwise identical geometry. These results suggest that
the smaller nozzle diameters of 50 µm or 75 µm would be more efficient for a bioprinting application because the lower
he laser energy ejection threshold the lower the thermal impact to the bio-ink. Therefore, we selected these values for
he parametric laser energy scan (see Section 4.2.3)

.2.2. The effect of the membrane thickness
Next, we investigated the effect of the membrane thickness on the ejected liquid dynamics for two laser fluences (70

nd 200 µJ) (Fig. 13). For these simulations, the nozzle diameter was 200 µm and the membrane thickness varied from
00 to 600 µm. We found that the velocity of the ejected liquid decreases with the increase of the membrane thickness.
ndicatively, for laser energy of 200 µJ, the simulated average jet velocity is 12.2 m/s and 2.6 m/s for membrane thickness
f 200 µm and 600 µm, respectively. Accordingly, the simulations show that the thinner the membrane the lower the
aser energy ejection threshold for an otherwise identical geometry. This is an expected behavior because the thicker the
lastic membranes the higher the damping capacity for the liquid’s kinetic and pressure energy. We opted for 200 µm
embrane thickness for next part of our study.

.2.3. The effect of the laser energy
Finally, we investigated the effect of the laser energy on the ejected liquid dynamics for two nozzle diameters: 75 µm

(Fig. 14) and 50 µm (Fig. 15). The simulated jet front average ejection velocity increases with the increase of the laser
energy for the scanned laser energy range (50 to 450 µJ). From 0.94 m/s (75 µm) and 4.1 m/s (50 µm) at the laser energy

ejection threshold to 19.9 m/s (75 µm) and 48.4 m/s (50 µm) for 450 µJ. The simulated ejected volume varies from 0.097
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Fig. 11. Numerical simulation of laser-induced liquid ejection from the liquid confining device presented in Fig. 2 for 70 µJ laser energy: (a) bubble
and membrane dynamics (FSI simulation) and (b) liquid ejection dynamics (TPF simulation). Videos with the complete bubble and ejection dynamics
can be found in the supplementary material (Video S3 and S4, Appendix A).

nL to 5.49 nL for 50 µm nozzle size and from 0.49 nL to 7.68 nL for 75 µm nozzle size. We determined the pinch off time,
which indicates the droplet ejection repetition rate. It varies from 210 (4.76 kHz) to 837 µs (1.19 kHz) for 75 µm nozzle
and from 240 (4.05 kHz) to 605 µs (1.65 kHz) for 50 µm nozzle. For a given laser energy the jet detaches faster for the
50 µm nozzle compared to 75 µm nozzle.

In the context of a printing application, the size of the deposited drop would determine the spatial resolution of the
printed pattern. However, the final drop size depends on the variety of factors, including the impact speed and wettability
of the receiving substrate. Indicatively, we considered that the droplets land with no splashing and have a 30◦contact angle
on a substrate to evaluate the resulting drop size for the laser energies considered here. With such an assumption, we
estimate that drops with diameter from 120 µm to 465 µm can be printed with the 50 µm nozzle. The corresponding
rop size for the 75 µm nozzle varies from 210 µm to 525 µm.

. Conclusions

We presented a hybrid analytical/numerical model suitable for modeling laser-induced micro-jet generation from
iquid confining devices. For a given laser energy the analytical model predicts the bubble dynamics in a closed chamber.
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j

Fig. 12. The effect of the nozzle size variation on the liquid ejection dynamics for an otherwise identical liquid confining device (see Fig. 2). The
et front trace for 70 µJ laser energy and 150 µm nozzle size corresponds to a non-detached oscillating liquid meniscus.

Fig. 13. The effect of the membrane thickness on the liquid ejection dynamics for an otherwise identical liquid confining device (see Fig. 2). The
jet front trace for 70 µJ laser energy and 600 µm / 400 µm diameter thickness corresponds to a non-detached oscillating liquid meniscus.

Fig. 14. The effect of the laser energy on the liquid ejection dynamics for the liquid-confining device of Fig. 2 (nozzle size 75 µm, membrane
thickness 200 µm). The jet front traces for 25 and 40 µJ laser energy correspond to non-detached oscillating liquid meniscuses.
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Fig. 15. The effect of the laser energy on the liquid ejection dynamics for the liquid-confining device of Fig. 2 (nozzle size 50 µm, membrane
hickness 200 µm). The jet front traces for 25 µJ laser energy correspond to non-detached oscillating liquid meniscuses.

mportantly, by coupling the RP and Tait equations we account for the ‘‘self-confinement’’ of the bubble due to the pressure
ncrease inside the chamber. With FSI and TPF numerical simulations we simulated the performance of such device in a
io-printing context. We show its capability to generate micro-jets (velocity: 0.93 m/s to 48.39 m/s) suitable for micro-
rop deposition (volume: 0.097 nL to 7.68 nL) for laser energies ranging from 50 µJ to 450 µJ. Overall, the model provides
nsights on the effect of the device geometry, membrane thickness and laser energy on the ejection process. Beyond
rinting applications, it can be widely adapted for designing and optimizing needle-free drug injectors and microfluidic
evices.
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